PLASMA electron oscillations have been observed in a number of experiments '-4 in which a beam of high-energy electrons penetrated a neutral plasma of a low-pressure gas discharge. In all these experiments the beam of high-energy electrons was formed by electrons which emerged from the cathode fall region of a low-pressure arc without colliding with neutral gas atoms. The oscillations were usually accompanied by an abrupt increase in the energy spread of the beam * This work has been supported in part by the Signal Corps, Air Materiel Command, and the U. S. Office of Naval Research.
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particles. The frequency of oscillation was related to the electron density by the Tonks-Langmuir relation,
where w, is the radian frequency of the plasma electron oscillation, n the electron density, m the mass of an electron, and o the permittivity of free space. The experimental evidence indicated that energy was transferred from the electron beam to an organized oscillation of the plasma electron.
EXPERIMENTAL APPARATUS
The use of fast electrons coming from the cathode region of an arc as a beam to excite plasma oscillations has several disadvantages. One of the most obvious drawbacks is that the plasma itself is controlled by the density and energy of the beam electrons since these electrons maintain the plasma. In addition, neither the density of electrons in the beam nor their energy is easily varied. The use of a beam of high-energy electrons from an auxiliary source rather than from the cathode of the arc eliminates these difficulties, and the present apparatus was designed with this object in view.
A glass tube was constructed in which a controlled electron beam was injected into the plasma of a lowpressure (about three microns) mercury arc. The main plasma was drawn from two large oxide-coated cathodes, marked C-C in Fig. 1 . A second discharge in the side arm acted as a source of electrons for an electron gun. A beam of electrons was drawn from a 1-mm hole in the anode of the gun discharge, G of Fig. 1 , accelerated through several hundred volts, and injected into the plasma through a 1-mm hole in the accelerating anode marked A in Fig. 1 . The electron beam finally impinged on an anode disk D, which was electrically connected to the accelerating anode and 1.5 cm away from it. The geometry of the tube and the electrical circuits controlling the arc were arranged to give large ion sheaths on the accelerating electrode and the anode disk. These two electrodes could be biased negatively with respect to the wire ring anode, W, of the main discharge through a range of 200 volts. This allowed the thickness of the ion sheaths to be changed. A probe, attached to the tube by a stainless steel bellows, could be moved through the interaction region of the plasma and the electron beam. The probe was a wire 3 thousandths of an inch in diameter and 5 mm long; its position was measured by a cathetometer to an accuracy of 4-0.1 mm.
Oscillations were detected by a superheterodyne receiver capacitatively coupled to the movable probe. The probe picked up the oscillation whether it was in or near the electron beam. The selectivity of the receiver determined the frequency of the oscillation to 4t5
Mc/sec whereas the band width of the oscillation was usually less than 10 Mc/sec.
EXPERIMENTAL RESULTS
The behavior of the plasma oscillation was studied by varying the electron density of the beam (controlled by the electron gun discharge current) and the thickness of the ion space-charge sheath (controlled by the sheath bias voltage). The electron density of the beam was so large that the density of the plasma region around the beam was determined by the density of the beam particles. Probe measurements showed that the plasma electron density varied as a linear function of the gun discharge current if the energy of the beam particles was kept constant. The variation of the thickness of the sheath on the beam electrodes had no effect on the plasma electron density until the sheath thickness was comparable to the plasma length-AD.
The frequency of oscillation was observed to vary in a discontinuous manner with the gun discharge current. The frequency would remain nearly constant over small variations of the gun discharge current and then jump abruptly to a new frequency. Along one of these frequency plateaus, the intensity of the oscillation would rise to a maximum and then fall to a much lower value before a jump to a new frequency occurred. It was observed that the frequency corresponding to the strongest signal for each frequency range was consistent with the predictions of Eq. (1). Since the plasma electron density was a linear function of the gun discharge current, the square of the frequency of the oscillation at each intensity maximum was a linear function of the gun discharge current. Equation (1) was used to determine a conversion factor, relating the electron density and the gun discharge current, from two observed points of the plot of gun discharge current versus the square of the frequency. The electron density was then calculated from the observed gun discharge current. The measured frequency of oscillation,as a function of this normalized electron density is shown in Fig. 2 .
With the electron density held constant, motion of the probe (coupled to the high-frequency receiver) through the plasma, showed that the entire plasma between the accelerating anode and the anode disk was oscillating in a standing wave. As the electron density was varied so that the tube. oscillation jumped from one frequency plateau to another, the standing-wave pattern changed, each frequency plateau corresponding to a given wave pattern. The standing-wave pattern associated with each range of frequency is also shown in Fig. 2 . In general, the standing-wave pattern had an integral number of half-waves between the two beam electrodes with nodes at these electrodes.
The standing-wave patterns were measured as the thickness of the plasma sheaths on the accelerating anode and anode disk was varied, keeping the electron density constant. The results of these measurements are illustrated in Fig. 3 . As the two beam electrodes were made more negative with respect to the wire ring anode of the main, discharge, the plasma sheaths became thicker. Sudden transitions in, the frequency of oscillation occurred, as the sheath thickness was varied. These transitions were accompanied by abrupt changes in the wavelength of the plasma oscillations. As in the case of the sudden frequency transitions with changes in density, small changes in frequency occurred over a certain change in sheath thickness, and then a major jump in oscillation frequency occurred as the wavelength of the standing wave changed. The positions of the visible sheath edge show that both the frequency of oscillation and the transitions in the standing wave patterns were associated with this edge. The abrupt changes in the wavelength adjusted the standing-wave pattern to keep a node of the pattern near the visible sheath edge.
The thickness of the sheath, X,, may be calculated 
where fo is the average frequency in Mc/sec of a given frequency range. The variation of the measured frequency of oscillation as a function of the sheath thickness calculated from Eq. (2) is shown in Fig. 4 . In each frequency range, the frequency is a linear function of the sheath thickness. The standing-wave pattern of each frequency range is also shown in the figure.
MECHANISM OF EXCITATION
An explanation of an experimental plasma oscillator has been given by Wehner. 4 The mechanism of energy transfer from the electron beam to the oscillation of the plasma electrons is described by him as a transit time process similar to that controlling a klystron. The frequency of the oscillation is determined fundamentally by the resonant properties of the plasma given by Eq.
(1). The electron beam enters the plasma through an ion sheath and is velocity-modulated at a point near the sheath edge of the plasma. As the beam traverses the plasma, the velocity modulation of the beam causes the electrons to bunch. An electric field of the proper phase for retarding the bunched electrons, and thus extract energy from the beam, must be assumed.
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_J~7, --LĨ~~j In the present experiment, the actual point in plasma where the beam was modulated was not detec since the probe did not have sufficient motion to p through the sheath. If the modulation point is assun to be at the sheath edge and the extraction point assumed to be fixed by the standing-wave pattern, deviations of the measured frequency from the quency predicted by Eq. (1) may be understood considering Eq. (3). If X, is the sheath thickness on accelerating anode and X is the distance from modulation point at the sheath edge to the extract point, then the extraction point is fixed at a distal X,+Xt from the accelerating anode, or X+Xt=c( stant. If the sheath thickness X, increases, and plasma density remains constant, Xt must decrease the frequency of oscillation increase to satisfy transit time relation. This is shown in Fig. 4 . If sheath voltage is held constant and the plasma dens is increased, the frequency of the oscillation shoi increase according to Eq. (1), as was discussed abo However, the increase in the plasma density decreases the sheath thickness and consequently increases Xt. To satisfy Eq. (3), the frequency should decrease. As a result of these two opposing effects the increase in the measured frequency is less than the increase predicted by Eq. (1). This effect accounts for the frequency plateau curves of Fig. 2 .
If the transit-time mechanism is correct, the sheath thickness X, must be linearly related to thet ransit distance Xt. By use of the measured frequency of oscillation and the velocity of the beam determined by the applied potentials, the distance X, can be calculated from Eq. (3). For every case where sufficient data were taken and the plasma density remained constant, X, varied linearly with Xt. An example of these data is illustrated in Fig. 5 . The slope of the Xt versus X. line is equal to minus one, indicating that the extraction point was fixed and the sheath thickness varied as assumed above.
The modulation of the electron beam occurs in the large fields at the sheath edge, whereas the beam may tion be demodulated in any region where the field has the tted opposite sign. This means that the modulation and the re-extraction points must always be separated by a node eam in the standing wave pattern. Both the sheath thickness tion and the transit distance can be calculated from the observed data. The distance X. determines the location of the modulation point with respect to the accelerating anode, and the sum of X, and Xt determines the location city of the extraction point with respect to the accelerating ting anode. Superimposing the calculated sheath and extracid f tion points on a diagram indicating the positions of the is nodes of various standing waves observed, we find this as phase relation is indeed met, as illustrated in Fig. 6 . gth The transitions in the standing-wave patterns occur the as the plasma oscillation adjusts itself to satisfy both tnd the condition expressed by Eq. (1) 
DISCUSSION
In 1949 Bohm and Gross 5 published a theory of plasma electron oscillations based on a one-dimensional analysis of a uniform infinite plasma. The theory postulated that a traveling longitudinal potential field could be excited by a beam of high-velocity electrons in the plasma and that this could be used to explain the energy transfer from a beam of high-energy particles to the oscillation existing in the plasma. A large portion of our experimental effort was devoted to injecting an electron beam into a discharge plasma so as to generate a plasma oscillation by the mechanism proposed by Bohm and Gross. The electron beam injected into a uniform plasma from an electron gun did not excite observable plasma oscillations in any of the experimental tubes constructed to satisfy the conditions of the Bohm and Gross theory. However, as soon as the discharge in the tube shown in Fig. 1 was modified by introducing large sheaths on the beam electrodes, oscillations were immediately found at the same plasma density where they were not observed in the "infinite" plasma.
All previous experimental investigations of plasma oscillations are consistent with the interpretation of the excitation process suggested by these present experiments. However, none have established the existence of an organized oscillation throughout the plasma region 5 David Bohm and E. P. Gross, Phys. Rev. 75, 1851 and 1865 (1949 Phys. Rev. 79, 992 (1950) . which modulated and demodulated the electron beam and provided a feedback mechanism to sustain the oscillation. Our experiments indicate the existence of a standing wave, set up in the plasma, which provides the necessary mechanism for maintaining the oscillations. It is apparent from calculation of the phase velocity of the components of the standing wave that it is not electromagnetic in origin. The experimental evidence indicates the oscillation is a longitudinal pressure wave set up in the plasma electrons. 
